Type I interferons (IFN) and dendritic cells (DC) share an overlapping history, with rapidly accumulating evidence for vital roles for both production of type 1 IFN by DC and the interaction of this IFN both with DC and components of the innate and adaptive immune responses. Within the innate immune response, the plasmacytoid DC (pDC) are the "professional" IFN producing cells, expressing specialized toll-like receptors (TLR7 and -9) and high constitutive expression of IRF-7 that allow them to respond to viruses with rapid and extremely robust IFN production; following activation and production of IFN, the pDC subsequently mature into antigen presenting cells that help to shape the adaptive immune response. However, like most cells in the body, the myeloid or conventional DC (mDC or cDC) also produce type I IFNs, albeit typically at a lower level than that observed with pDC, and this IFN is also important in innate and adaptive immunity induced by these classic antigen presenting cells. These two major DC subsets and their IFN products interact both with each other as well as with NK cells, monocytes, T helper cells, T cytotoxic cells, T regulatory cells and B cells to orchestrate the early immune response. This review will discuss some of the converging history of DC and IFN as well as mechanisms for IFN induction in DC and the effects of this IFN on the developing immune response.
Introduction
This year marks the 50 th anniversary of the first report by Isaacs and Lindenmann on an antiviral substance they termed "interferon" [1] . Interferon was described in this ground-breaking manuscript as a supernatant factor from influenza virus-infected chick chorioallontoic membrane cell cultures that could "interfere" with the replication of virus in a previously uninfected culture. This initial description of interferon followed two decades of research by various groups into the phenomenon of viral interference, whereby one virus is able to block the replication of another virus when both are used to infect the same culture. The novelty in this landmark 1957 paper was the demonstration that the phenomenon of viral interference was independent of the transfer of virions, and therefore was not directly mediated by viruses; rather, the viral interference was dependent on a soluble protein that itself had no direct effect on viruses, but, instead, directly acted on cells.
Although interferon was quickly hailed as an important anti-viral agent with obvious clinical potential, its recognition as a key player in the immune response came only much later. The reason for this delay is that the field of cellular immunology was in its infancy in the 1950's and 1960's when the antiviral effects of interferon were first described. During this period, the role of the thymus and the bursa were just being elucidated, followed by the definition of T cells and B cells as distinct subsets of lymphocytes. Over a period of many years, it became clear that interferon was rapidly produced in large quantities in vivo in response to viral infection and that stimulation of human peripheral blood mononuclear cells (PBMC) with enveloped viruses in vitro resulted in the release of large quantities of IFN-α from a rare cell type distinct from the T cells, B cells, monocytes and NK cells [2] [3] [4] [5] .
The nature of these primary cells in human peripheral blood that produce large quantities of interferon remained elusive until the rapidly developing field of dendritic cell (DC) biology intersected with the interferon field. Early evidence pointed to a DC as being the main producer of IFN-α in response to stimulation with viruses [6] [7] [8] , but it wasn't until there was recognition of different subsets and differentiation states of DC that the precise nature of the professional interferon producing cells as immature plasmacytoid dendritic cells (pDC) could be defined. However, while the major producer of IFN-α is the pDC, myeloid dendritic cells also can produce IFN, albeit at lower levels, in response to some viruses and there is clear evidence for communication between these two dendritic cell subsets. In this review, the role of DC subsets in interferon biology will be discussed -with DC acting both as producers of and responders to interferon. In addition, how the DC and the interferon contribute to the development of innate and adaptive immunity will be discussed.
Interferon -the first cytokine
Interferon was by far the earliest described member of the class of protein molecules now known as cytokines and quintessentially fits the definition for a cytokine given in any first course in immunology -it is a soluble product released from stimulated cells that serves to communicate between cells of the immune system. IFN is both pleiotropic and redundant; the pleiotropic functions of IFN range from induction of antiviral activity to pro-and anti-apoptotic activity to growth inhibition to immunomodulation of a panoply of immune cell responses. Although often referred to simply as "interferon", this term in fact refers to a large family of genes comprising at least three different major subtypes. The type I interferon family, the members of which signal through the common IFNα/β receptor, include the closely-related members of the IFN-α family, which in humans are encoded by a family of 13 contiguous genes as well as several pseudogenes, the single gene for IFNB, which shares about 50% homology with the IFNAs, as well as genes for IFNκ and IFNω [9] . The single type II interferon, IFN-γ, is genetically unrelated to the type I IFNs and signals through its own receptor, but shares some overlapping functions with the type I IFNs. A third family of IFNs has recently been described, the IFN-λs, which are also known as IL-28A and B (IFN-λ2 and IFN-λ3) and IL-29 (IFN-λ1) and which signal through the IFN-λ receptor, consisting of the IL10R2 chain shared with the IL-10 and IL-22 receptors and a unique IFN-λ receptor chain [10, 11] . The redundancy in IFNs exists both within the class of type I interferons that all signal through the same receptor, as well as in the overlapping functions with some of the activities of type II (IFN-γ) and type III (IFN-λ) interferons as well as with some functions shared with cytokines outside of the IFN family.
Production of IFN in response to virus and virus-infected cells
Early literature on the nature of interferon producing cells in the blood was strongly influenced by a study by Saksela et al. [12] . These investigators serendipitously chose Sendai virus, a murine paramyxovirus for their studies of IFN production in PBMC cultures. From their studies, they concluded that monocytes were the primary IFN-producing cells in human periphal blood. Indeed, by intracellular flow, monocytes can clearly be seen to produce IFN-α in response to Sendai virus (Fitzgerald-Bocarsly, unpublished) ; this response, while vigorous, differs from the PBMC response to HSV in that each monocyte produces on the order of 10-100-fold less IFN than the NIPC, and unlike the response to HSV, requires the virus to be viable for IFN induction [13] . In the 1970's, the Trinchieri laboratory demonstrated that type I IFN was produced upon co-culture of PBMC with virus [14] . This IFN was also found to be produced by co-culture of herpes simplex virus-infected fibroblasts with human PBMC during the course of natural killer cell lysis of the virus-infected fibroblasts [15] . One of the first clues that hinted towards a specialized population of peripheral blood cells that could respond to virus stimulation came from my observation while still a post-doc in the laboratory of Dr. Carlos Lopez that NK cell-mediated lysis of HSV-infected fibroblasts was depleted by treatment of PBMC with anti-HLA-DR plus complement, whereas lysis of the prototypical NK target, K562, was independent of HLA-DR expression [16] . Subsequently, it was found that the cells in PBMC that produced IFN-α in response to virus-infected cells were HLA-DR + cells that lack cell surface markers typical of T cells, B cells, monocytes and NK cells [4, 5] . The cells were called "natural interferon producing cells" by the Alm group [17] to indicate that they were part of the early, or natural immune response, now known as innate immunity.
By using limiting dilution assays and IFN-α specific ELISpot assays, the NIPC responding to HSV or HSV-infected cells were found to be low frequency cells (~1-2:1000 PBMC) [3] , and a similar low frequency IFN producing cell response was observed in response to a wide range of enveloped viruses [18] . Moreover, it was found that virus did not have to be viable in order to induce IFN in the NIPC, with UV-inactivated virus [15, 19] or even formalin-fixed HSVinfected fibroblasts [20] able to induce IFN. Calculations based on the total amount of IFN produced in HSV-stimulated cultures vs. the frequency of NIPC in the cultures (as determined by ELISpot) led to the conclusion that each functional NIPC could produce between 1-2 IU of IFN-α, which corresponds to 3-10 pg/cell [3, 13] . Subsequently, it was determined that the reason for the sensitivity of NK-mediated lysis of virus-infected fibroblasts to depletion of HLA-DR+ cells was not that the NK cells themselves expressed HLA-DR, but, rather, that the NK lysis of some virus-infected targets required the presence of both CD16+ NK cells as well as a lineage negative, HLA-DR+ accessory population that was, by itself, not lytic [21] [22] [23] . This HLA-DR+ population co-enriched with the population of cells that responded vigorously with the production of IFN-α in response to virus stimulation [24] .
Plasmacytoid and myeloid dendritic cells: the professional and not so professional interferon producing cells

Plasmacytoid DC as IFN-producing cells
The precise identity of the small put potent population of NIPC in the peripheral blood remained elusive for a number of years, but evidence suggested that these cells belonged to the relatively newly-described class of cells known as dendritic cells (DC) [25, 26] . Like DC, the NIPC were found to enrich in light-density fractions of Percoll or Metrizamide gradients [5, 6] , and the major IFN-α activity could be recovered in cell fractions enriched for DC by cell sorting [7, 8] . The sorted cells were found to exhibit distinct, abundant endoplasmic reticulum, somewhat reminiscent of plasma cells. However, although we and the Rinaldo group concluded that the NIPC were within the DC populations, it was clear that the NIPC could be distinguished from cultured, enriched conventional DC as the latter cells failed to produce IFN-α [27] . The most comprehensive phenotypic descriptions of the NIPC indicated that the NIPC (functionally defined as IFN-α+ cells within peripheral blood stimulated with HSV) as HLA-DR+, CD4+, CD45RA+ cells that were negative for a variety of lineage-and activation-associated markers (CD11c, CD11b, CD14, CD13, CD33, CD16, CD80 and CD86) [28] .
The next breakthrough in DC biology was the recognition that peripheral blood contains distinct subsets of DC that differed in cell surface phenotype. O'Doherty et al. reported the presence of two distinct populations of blood DC that differed on the basis of CD11c expression [29] and Olweus et al. further defined the subsets of peripheral blood dendritic cells, which expressed differing levels of expression of the IL-3R alpha chain, CD123 [30] . These CD11c-, CD123+ cells were found to be the same as those being described by other investigators as either "plasmacytoid monocytes", "plasmacytoid T cells" or "plasmacytoid dendritic cells" [31, 32] .
In retrospect, it was realized that the cells now known as pDC had first been described in 1958 by pathologists as cells with a plasma cell-like morphology located in what was subsequently found to be T cell zones of human lymphoid tissues [33] , including tonsil and lymph nodes and were found in large numbers in lymph nodes in certain pathological conditions such as lymphadenitis, Castleman's disease, and Hodgkin's lymphoma (reviewed in [34] ). Thus, like the history of IFN itself, the history of the pDC spans half a century, and similar to IFN, the significance of these cells in the host immune response was not appreciated for decades after their initial discovery. Subsequently, Y-J Liu and colleagues described the plasmacytoid nature of the DC population isolated from the T cell-rich areas near high endothelial venules of tonsils and demonstrated that these CD4+, CD3+, CD11c-cells could differentiate into mature DCs when cultured with IL-3 plus CD40L [32] and they called these cells "DC2" because cells matured in this way induced Th2 immune responses. The identification of the DC2 (now known as the plasmacytoid dendritic cells or pDC) as being the same as the NIPC came in 1999 when the sorted DC2/pDC fractions from peripheral blood were found to produce 100-1000-fold more IFN-α in response to UV-inactivated HSV than the CD11c+ conventional DC [19] , a finding that was soon confirmed by other groups [35] . The pDC have subsequently been found to respond with vigorous IFN-α production in response to a variety of viral stimuli and to synthetic TLR agonists CpG [36] [37] [38] and members of the imiquimod family [39] .
The description of human pDC as being the NIPC was followed by descriptions of pDC/NIPC in mice [40, 41] . While similar in many respects, murine pDC differ from human pDC with respect to phenotype and some functions; these differences, some of which are highlighted below, have been previously reviewed by Barchet et al. [42] .
Interferon production by myeloid dendritic cells
While it is well-established that pDC are the most potent IFN producing cells, it is clear that a plethora of cell types are capable of producing IFN in response to viral infection, with the magnitude of the response dependent upon both the cell type and the infecting virus. Among these other non-pDC IFN producing cells are myeloid DC. The majority of studies of IFN-α production by human myeloid DC have focused on MDDC because of the ease with which MDDC can be derived in large numbers from monocytes. We evaluated the production of type 1 IFN by MDDC in response to virus stimulation; while MDDC were relatively weak producers of type 1 IFN in response to HSV, there was a significant expression of IFN in Sendai virus stimulated MDDC [43] ; this type 1 IFN response was weaker than the response of either pDC or monocytes to Sendai virus, but like the responses of both of these other cell types, the MDDC expressed a number of different IFNA genes. Coccia et al. reported the expression of multiple subtypes of IFN-α genes as well as IFN-β produced by MDDC in response to influenza virus. For each of the subtypes, however, the magnitude of the response of purified pDC was much greater than that for MDDC. Likewise, they observed that purified pDC produced 100-fold more IFN-α and IFN-β protein in response to Flu than did the MDDC [44] . In addition, both MDDC and pDC were found in that study to express IFN-λ mRNA in response to Flu. Interestingly, unlike mature pDC, which dramatically down-regulate their ability to produce IFN-α (reviewed in [45] ), the matured MDDC retained the ability to express IFN-α,-β and -λ message in response to Flu or Sendai virus infection.
MDDC have been shown to be susceptible to productive infection with HSV [46] , and this infection leads to expression of activation markers on the MDDC. HSV-stimulated MDDC cultures are able to produce only very low, but biologically significant, levels of IFN-α. In one study by Katz and colleagues, actual infection of the MDDC by HSV was not required in that UV-inactivated HSV was found to induce similar levels of IFN in the DC as did viable virus [46] . In contrast to this finding, however, Melchjorsen et al. recently demonstrated that human macrophages failed to produce IFNs α, β and λ in response to UV-inactivated HSV, and that MDDC failed to produce IFN-λ in response to UV-inactivated HSV (the production of IFN-α and -β were not discussed in this context) [47] . MDDC have also been reported to produce IFN-α/β in response to infection with Mycobacterium tuberculosis [48] , indicating a potentially broad range of pathogens that are recognized by these innate immune effectors.
Relationship between plasmacytoid and myeloid dendritic cells
While it is clear that both pDC and mDC (also known as conventional or cDC) derive from a common hematopoietic precursor, the exact relationship between these two lineages is controversial. Early reports of the cells now known as pDC described these cells as either plasmacytoid monocytes or plasmacytoid T cells [31, 35] . mDC can be derived from myeloid precursors, and the most commonly studied form of MDC are the monocyte-derived dendritic cells (MDDC), which are obtained by culturing CD14+ monocytes with GMCSF and IL-4. Murine pDC and cDC can be derived in a Flt3L-dependent manner from the common lymphoid or myeloid progenitors within the bone marrow [49] [50] [51] [52] [53] [54] . Moreover, administration of Flt3L in vivo mobilizes both myeloid and plasmacytoid DC as well as NK cells and other hematopoietic cell types [49, 50, 53] . A myeloid derivation of pDC was suggested by the expression of GMCSF receptors on the cells [30] . Alternatively, studies have suggested a lymphoid origin of pDC because of their expression of certain lymphoid-related gene products including the pre-T cell receptor α (pTα), V-preB, Spi-B, Notch-1 and a rearranged immunoglobulin heavy chain (IgH) D-J [55] . Additionally, Spits et al. demonstrated that ectopic expression of Id3 and Id2 inhibited development of CD34+ progenitor cells into T cells, B cell and pDC, again suggesting a common lymphoid precursor for these cell types [56] . Interestingly, Shigematsu et al., however, demonstrated that not only could the pDC be derived from either myeloid or lymphoid precursors, the human pTα as well as the IgH and RAG transcripts could be found both the myeloid and lymphoid-derived pDC [54] . Together, these data support the conclusion that so-called myeloid and plasmacytoid DC can each be derived from myeloid and lymphoid lineages, underscoring the plasticity of both DC lineages as well as myeloid and lymphoid lineages. In that respect, the adoption of the term "conventional" DC or cDC as opposed to "myeloid DC" to distinguish these cells from pDC is probably a good idea, even though it carries with it the implicit implication that pDC are somehow "unconventional".
This developmental plasticity of the DC subsets echoes and fits in well with the changing dogma in which the classical notion of common myeloid and lymphoid progenitors is giving way to the idea of a common lymphoid/myeloid progenitor that gives rise to progenitors for both T cells and myeloid cells, as well as progenitors that give rise to B cells and myeloid cells (reviewed by [57] ). In this model, myeloid potential is retained in the thymus such that thymic progenitors can produce both T cells and DC; this is supported by the observation that pDC in the thymus express the pTα and other T-lineage products [58] . Likewise, according to H. Kawamoto, a common B cell/myeloid progenitor could give rise to either B cells or DC subsets; indeed, B cells have much in common with DC in terms of phagocytosis, antigen processing and antigen presentation, as well as expression of rearranged IgH genes and other B cell transcripts [57] .
Mouse studies have recently highlighted the importance of transcription factors that regulate the development of DC subsets. For example, mice doubly knocked-out for IRF-4 and IRF-8 lacked all splenic DC subsets whereas reintroduction of these transcription factors restored both cDC and pDC development. A role for both IRF-8 and, to a lesser degree, IRF-4 in the development of pDC was found using single and double knock-out mice for these transcription factors [59] , whereas lack of only IRF-4 resulted in decreased CD4+ DC while lack of IRF-8 resulted in a lack of CD8+ DC. IRF-8 but not IRF-4 transduced into the double knock-out DCs allowed these cells to produce IFN-a and IL-12 in response to the TLR9 agonist, CpG, a potent stimulator of pDC. Human peripheral blood pDC also express both IRF-4 and IRF-8 [43] , but whether either is required for the production of IFN-α by these cells is not known.
Ikaros is a zinc finger protein that serves mainly as a repressor and is important for the development of several lineages. It was recently demonstrated that mice with low levels of Ikaros expression lack peripheral blood pDC, but not other DC subsets, and fail to produce IFN-α after stimulation with TLR7 and -9 agonists or after murine cytomegalovirus infection. The bone marrow of these mice, however, contained precursors of pDC that failed to undergo terminal differentiation in response to Flt-3L; these bone marrow pDC had upregulation of genes that are normally poorly expressed in pDC from wild type animals, suggesting that the function of Ikaros is to silence an array of genes to allow pDC differentiation [60] .
Along with clear evidence for plasticity of developmental origin of cDC and pDC, recent studies have demonstrated that the DC subsets maintain plasticity even after differentiation. In this regard, the Oldstone group observed that bone marrow-derived murine pDC can differentiate into myeloid (conventional) DC upon infection with lymphocytic choriomeningitis virus (LCMV) [61] . The DC transformation was dependent upon infection of the pDC precursors and involved IFN-α, but was independent of cell division and was limited to pDC in the bone marrow but not in the periphery, suggesting that the plasticity is limited to the less mature pDC. In what is perhaps a related observation, Reis e Sousa and colleagues demonstrated that cDC from mice infected with DC-tropic LCMV make high levels of type I IFN and that non-pDC secrete high levels of type I IFN when double-stranded RNA is introduced into the cytoplasm to mimic viral infection [62] . O'Garra and Trinchieri in a recent commentary have asked, tongue-in-cheek, whether DC are "afraid of commitment" and have suggested that the reversible commitment of DC subsets and the reprogramming of pDC to differentiation into cDC may serve to efficiently sustain the adaptive immune response [63] .
Part of the evidence for conversion of pDC to cDC lineage was the acquisition of the ability to recognize different microbial structures through TLR4 [61] . However, recognizing antigen through TLR4 may not be an unusual property of pDC; although pDC were previously reported not to express TLR4 [64] , our group demonstrated that human peripheral blood pDC express basal levels of TLR4 and respond to LPS stimulation with upregulation of TLR4 message and protein as well as up-regulate the expression of the transcription factor, IRF-7 [65] . LPS, however, did not lead to translocation of IRF-7 to the nucleus of the pDC, but upon subsequent stimulation with HSV-1, the LPS-stimulated PDC showed increased levels of IFN-α expression with enhanced kinetics. In addition, murine pDC have also been shown to be activated by TLR4 ligands [66] .
Although functional plasticity of DC subsets appears to exist both at the developmental and post-developmental stages, one must be cautious against over-interpretation of results from studies using non-highly purified populations of cells. For example, while it is established that murine pDC produce IL-12 in response to viruses or TLR7 or -9 stimuli [67] , whether human pDC also do so has been controversial. Y-J Liu and colleagues obtained highly purified pDC and found that the purified pDC produced hundreds-fold more IFN-α than mDC and the mDC produced 13-fold more IL-12 p70 than the purified pDC in response to TLR and CD40 ligands [68] . The pDC were found to express transcription factors necessary for type I IFN transcription, but not for IL-12 transcription. These authors attributed previous reports of significant levels of IL-12 production by human pDC [35, 69] to contaminating mDCs.
Mechanisms for induction of IFN in plasmacytoid vs. myeloid dendritic cells
As described above, pDC are, by far, the professionals of the interferon world. They are equipped with abundant rough endoplasmic reticulum that is reminiscent of antibody-secreting plasma cells (hence the term "plasmacytoid") [19, 70] . The pDC can produce massive amounts of type I IFN in response to stimulation with a wide range of DNA and RNA viruses that signal through TLR9 and TLR7, respectively [71, 72] . Evidence obtained by clonal analysis of material from virus-stimulated pDC indicates that these cells express a wide range of IFN-α subtypes as well as IFNs -β, κ, ω, and λ [43, 68] that appears to be somewhat broader than the subtypes represented in the more modest type I IFN responses in monocytes or MDDC [73] . Although pDC upregulate a number of different genes, including those for several other cytokines including TNF-α and IL-6 [8, 74] , chemokines such as CXCL10 and CCL4 [74] [75] [76] , and human beta defensin 1 [77] in response to viral stimulus, the type I IFN and type III (IFN-λ) genes were recently reported to represent ~60% of the novel transcripts of the stimulated human pDC, thus making these cells true IFN factories [68] . The signaling pathways involved in type I IFN production by human pDC are summarized in Figure 1 and described below:
Intracellular pathways in induction of IFN in DC
According to the classic pathway of type I IFN induction, virus stimulation leads to the phosphorylation of IRF-3, its translocation to the nucleus and subsequent upregulation of a subset of early type I IFN genes. These IFNs are translated, then secreted, and signal through the IFN-α/β receptor and, through ISGF3 (comprised of STAT1, STAT2 and IRF-9), upregulate IRF-7 expression which is needed for the expression of the full range and magnitude of the IFN-α genes. In contrast to this model, which was originally worked out in fibroblasts [78] , pDC (but not blood cDC and MDDC or any other cell type present in peripheral blood) express high constitutive levels of IRF-7 that rapidly translocates to the nucleus upon viral stimulation [43, 68, [79] [80] [81] . In mice as well as humans, this IFN induction pathway in pDC proceeds even in the absence of feedback signaling [79, 82] . Indeed, IRF-7 has been called the "master regulator" of type I IFN gene expression in both Myd88-independent and -dependent IFN-α responses, and pDC are wholly dependent upon this for IFN responses to TLR9 agonists [83] . pDC also express high levels of IRF-4, -5, and -8 [43, 68] . IRF-4 and IRF-8 are involved in the development of pDC, and in the mouse IRF-8 appears to be required in the differentiated pDC for IFN-α expression [59] ; whether the latter is true in human pDC is currently being investigated in our laboratory in collaboration with Dr. Keiko Ozato. The role of the IRF-4 in pDC is unknown. Both pDC and cDC have are known to express IRF-5 [43, 44, 68, 84] . While the major role of IRF-5 in pDC may be in the cellular maturation pathway, our collaborator, Dr. Betsy Barnes, has implicated IRF-5 in the induction of type I IFN genes as well [85] .
A distinct difference between human peripheral blood CD11c+ DC (cDC) and pDC is the high levels of expression of TLR7 and TLR9 in the endosome by the latter but not the former [86] . TLR9 is the receptor for both CpG sequences and double-stranded DNA from herpes simplex virus and cytomegalovirus [72, [87] [88] [89] , while the ligands for TLR7 include the imadazoquinolones and single stranded RNA such as found in viruses like HIV-1. [39, [90] [91] [92] [93] . MyD88, which is required for signaling through TLR7 and TLR9, forms a complex with IRF-7 that is required for the signaling for type I IFN production in the pDC [94] . This association, which requires that the TLR and ligand remain for an extended time in the endosome as opposed to being transferred to the lysosome for induction of IFN, also requires IRAK-4 [95] and the ubiquitin ligase action of TRAF6 for the activation of IRF-7 [96] , [97] . A recent study demonstrated that the kinase that interacts with and phosphorylates the IRF-7 is IRAK-1; IRAK-1 deficient mice were found to be severely compromised in their ability to activate IRF-7 and induce type 1 IFN [98] .
Classically, it is virus replication in cells that leads to the induction of type I IFN. Interestingly, while MDDC productively replicate HSV-1, pDC are not infected by this virus. Indeed, both live and UV-inactivated HSV-1 as well as HSV-infected cells are able to induce IFN-α production in pDC [3, 15, 19] . Although pDC can be productively infected with HIV-1 [99] , UV-or AT-2-inactivated HIV-1 as well as live virus can all induce IFN-α in pDC. Diebold et al. [91] have shown that cDC taken from mice with a DC-tropic strain of LCMV make high levels of type I IFN on subsequent culture; likewise they reported that non-pDC secrete high levels of IFN in response to dsRNA introduced into the cytoplasm, mimicking virus infection. This latter induction was TLR3 (sensor for dsRNA) independent and partially PKR dependent. Although pDC production of IFN is believed to be important in host defense, mice lacking either TLR9 or MyD88 (and hence NIPC function) are able to adequately control HSV replication in vivo [89] , suggesting that there is functional redundancy in protective anti-viral measures. These redundant mechanisms may be comprised of IFN induction in other DC or non-DC populations or may represent alternate pathways within pDC for IFN-α induction. In support of the latter, Hornung et al. [100] demonstrated that pDC produce IFN-α in response to a single stranded RNA virus, and similar results have been obtained for TLR9-independent IFN-α induction by HSV in both pDC and non-plasmacytoid DC [87] .
Although cDC (including blood and tissue mDC as well as monocyte-derived DC) typically lack the ability to produce high levels of type I IFN, they do have the machinery to produce IFN upon viral infection. As in the case for the TLR9-independent responses to HSV described above, these IFN responses typically require viral replication and are largely due to intracellular recognition of viral nucleic acid by cytoplasmic receptors. A common replicative intermediate of many viruses is dsRNA. dsRNA is well-known for its ability to activate PKR, but, more recently, the role for the retinoic acid-inducible gene-I (RIG-I) encoded helicases and melanoma differentiation-associated gene 5 (MDA-5) have been strongly implicated as the prevalent cytoplasmic receptors for dsRNA leading to IFN-α production [101, 102] . A role for an as yet unidentified, TLR9-independent intracellular receptor for DNA has also been reported recently, thus expanding the potential repertoire for recognition of intracellular pathogens and viruses [103] . cDC have an additional mechanism for the induction of type I IFN in response to dsRNA viruses that goes via the dsRNA sensor, TLR3 in the endosomes. TLR3 signaling utilizes the adaptor molecule TRIF rather than the IPS-1/MAV5 used in the RIG-I/MDA-5 pathway [104] . The early IFN produced in these pathways then acts in an autocrine fashion to upregulate IRF-7, which can then lead to the virus-dependent IFN-α production (reviewed in [105] ).
While, as noted above, many viruses do not require viral replication for induction of IFN-α in pDC, other viruses such as VSV require viral gene expression. In recent studies, Isakawa et al. have reported that cytoplasmic viral RNA can be transferred to the endosomes of pDC via autophagy, thus explaining how cytoplasmic virus enters into TLR7-containing compartments [106] .
The redundancy in the DC subtypes that respond to viral infection with IFN production, the range of IFN subtypes produced and the different mechanisms of IFN induction have obvious beneficial implications for the host; since viruses expend considerable genetic energy in evasion of the IFN response, the redundancies in the host response serve to provide the host with overlapping protection. As reviewed in Haller et al., there are a plethora of anti-IFN strategies employed by viruses, ranging across the entire spectrum of the IFN response, such as the sequestration of dsRNA by the NS1 protein of flu, paramyxovirus inhibition of MDA5, P protein of Rabies virus and Ebola virus inhibition of IRF-3, to viral IRF mimics that exert dominant-negative effects (reviewed in Haller [105] ). Interestingly, Kaposi's sarcoma virus (HHV-8) encodes and inhibitor of IRF-7, thus directly targeting the type I IFN pathway [107] . Moreover, poxviruses express soluble IFN-binding proteins that compete with cellular receptors for IFN; these so-called "viroceptors" neutralize the activity of IFNs and viroceptors specific for IFN-α and IFN-λ have been isolated [105] .
Dendritic cell-surface receptors involved in induction of IFN-α
Although much has been learned about the intracellular mechanisms of induction of IFN-α within dendritic cells, interactions of extracellular viruses with the surface of DC is less well understood. In pDC, a requirement for viral envelope glycosylation in IFN-α induction, presumably by interaction of the glycoproteins with cell surface receptors, has been demonstrated. Examples of this include the requirement for gD, a glycoprotein of HSV-1 required for viral entry for induction of IFN-α in pDC [108, 109] and the mutation of a single amino acid in the M protein of porcine transmissible gastroenteritis virus that renders the virus non-interferogenic [110, 111] , and the dependence on gp120 of HIV for IFN induction by pDC [7, 112] . Proposed candidate receptors for these viral glycoproteins are C-type lectin receptors. BDCA-2 is a C-type lectin receptor on pDC that has been shown to be endocytic [113, 114] ; cross-linking of this receptor leads to negative regulation of the ability of pDC to produce IFN [114] . We have reported the expression of low levels of the mannose receptor (CD206) on pDC (which is also expressed but at much higher levels on MDDC) [115] . Antibody blockade of this receptor was found to inhibit production of IFN-α in response to HSV and HIV [115] , but did not affect monocyte IFN-α production. However, we have recently reported that pDC are exquisitely sensitive to down-regulation of IFN-α production in response to viruses following cross-linking of a variety of different cell-surface receptors including BDCA-2, BDCA-4, MHC Class I, MHC Class II, CD123 and CD4 [80] . Thus, care must be taken to not overinterpret antibody blocking studies in pDC as being necessarily indicative of blocking of uptake receptors. Likewise, since BDCA-4 cross-linking by magnetic immunobeads downregulates IFN-α production [80] , positive selection of BDCA-4 expressing pDC in this manner should be avoided. Cao et al. [116] have recently described the expression of the ILT7 receptor on human pDC and demonstrated that it associates with the signal adapter protein FcεR1γ to form a receptor complex. They further reported that cross-linking of this receptor on the pDC inhibits CpG and Flu-induced type I IFN and cytokine expression by these cells. While interesting, these results are subject to the same caveat described above.
While non-enveloped viruses such as polio virus are generally not interferogenic in pDC, when complexed with antibody, can induce IFN-α [117] . The virus-immune complexes are taken up via FcγRII, which is expressed on pDC [118] . This receptor is also been shown to mediate uptake of immune complexes containing DNA in lupus [119] [120] [121] , which then stimulates IFN production through TLR9. A role for scavenger receptors (CD204), which bind and internalize a wide range of negatively charged macromolecules, have been implicated in the uptake of material by both human and macaque MDDC [122, 123] , and scavenger receptor A knock-out mice display an increased susceptibility to HSV-1 infection [124] .
A number of other C-type lectin receptors are also expressed on subsets of DC and are reported to be involved in uptake of viruses. Some of these include DC-SIGN [125] , which is expressed on MDDC but not on the majority of circulating mDC or pDC [126] , DEC205 and dectin. The exact role of these in uptake of pathogens by DC is under intense investigation, but studies have indicated that DC-SIGN binds and internalizes HIV-1, and the DC subsequently serve as a Trojan horse to transmit virus to uninfected cells [127, 128] .
Effects of IFN produced by DC on innate and adaptive immunity
The functional role of IFN produced by DC is a topic of intensive investigation. These studies have focused both on the effects of exogenous IFN on DC and other components of the immune response as well as in vivo and in vitro studies of the scope of immune responses in the presence or absence of DC and their derived IFN. Some of these interactions are summarized in Figure  2 and are described below:
Effects of type I IFN on DC
Type I IFNs are known to have a number of effects on DC maturation and function. For example, IFN-α (as well as inducers of IFN-α such as TLR9 agonists CpGA or HSV, or TLR7 agonists), along with IL-3 act as survival factors, and to some extent, as maturation factors for pDC [86, [129] [130] [131] . In addition, IFN-α was also shown to enhance the maturation of CD11c+ human blood mDC; mDC matured in this way led to the induction of IL-10 producing T-reg cells [130] and contribute to the dsRNA or virus-induced maturation of murine DC [132] . MDDC generated by culture of human monocytes with IFN-α plus GM-CSF (rather than the classic IFN-γ plus GM-CSF) expressed higher levels of MHC class I molecules and acquired TLR7, which could then secrete IFN-α in response to TLR7 agonists and activated CD8 + cells [133] . In a model of generation of human mDC, cultures from unstimulated DC were found to contain low levels of IFN-α that enhanced maturation and activated the DC [134] . In this same study, IFN-α was found to induce the migration of human split skin-derived DC, suggesting a role for IFN-α in mobilization of Langerhans cells [134] . Asselin-Paturel et al., in a murine model, demonstrated that both pDC and cDC respond to TLR4, -7 and -9 ligands, with IFN-α important in response to all three ligands in pDC, whereas cDC required IFN-α for TLR9, and to a lesser degree, TLR7 responses [66] .
Cross-talk between pDC and mDC via type I IFN has been implicated in some pathological situations. In individuals with lupus, for example, there is a chronic activation of IFN-α production by pDC leading to the maturation of mDC that induce a strong autoimmune Th1 response (reviewed in [119] ).
One role of pDC-produced IFN-α is to upregulate cytokines and chemokines in pDC in an autocrine or paracrine manner. Virus-stimulated pDC produce CXCL10 (IP-10) as well as other chemokines [74] [75] [76] ; in our study, we demonstrated that IFN-α of PBMC can lead to direct upregulation of CXCL10 in pDC. However, neutralization of IFN-α in HSV-stimulated pDC only partially reduced the expression of CXCL10, suggesting that both IFN and direct virus stimulation of the pDC contribute to the CXCL10 expression [74] . In the situation where cDC are infected by HSV, there is maturation of both infected and uninfected DC, with type I IFN priming the maturation and secretion of cytokines by the uninfected pDC [46] . Likewise, IFN-α efficiently primes for the production of both IFN-α and IFN-λ by pDC (Yin et al, in preparation).
Effects of DC-derived type I IFN on natural killer cells
As described above, lysis of many virus-infected targets by NK cells requires the contribution of DC as effector cells which function in both an IFN-dependent and independent manner [21] [22] [23] 135] . More recently, both cDC and mDC have been shown to contribute to the virusinduced activation of NK cells through IFN-α-dependent and -independent mechanisms [88, 136, 137] . In an in vivo murine cytomegalovirus infection model, pDC were induced to activate NK cells [88] and in the case of human pDC, not only do they produce IFN-α that can activate NK cells, they also produce chemokines that selectively attract NK cells and activated T cells [74] . This recruitment of NK cells and activated T cells has also been reported for MDDC in that M. tuberculosis-infected human MDDC produced IFN and chemokines that both chemoattracted and activated NK cells [138] .
Effects of DC-derived type I IFN on T cell responses
As professional antigen presenting cells (APC), DC are able to activate a variety of CD4+ T cells, and, with their unique ability to efficiently cross-present antigens, are also efficient at induction of cytotoxic CD8+ T cells. By most accounts, cDC (of which MDDC are the best studied) are more efficient APC than non-activated pDC due to their higher rate of endocytosis of antigen and higher expression of MHC Class II [32] . However, pDC do effectively internalize antigen, and internalization of viruses into endosomes followed by endosomal acidification is required for IFN-α production [18, 80] . Once activated, the pDC upregulate both their expression of co-stimulatory molecules as well as MHC Class II and are able to activate both CD4+ and CD8+ cells [32, [139] [140] [141] .
For pDC, IFN-α production is central to their activation of Th1 cells, and, indeed, IFN-α itself is a Th1-biasing cytokine, able to induce the production of IFN-γ by Th cells [142] . In support of this link between IFN-α production by pDC and Th1 cells, virus-stimulated pDC mature into DC that could stimulate naïve T cells to produce IFN-γ and IL-10 [131, 143] . In contrast, pDC activated in the presence of IL-3 and CD40L were found to skew the T cell responses towards Th2 responses [32, 144] .
Vital roles for IFN-α in priming or cross-priming of CD8+ T cells by virus-stimulated DC have been described. DC generated in the presence of IFN-α plus GM-CSF ("IFN-DC") were found to be superior to CD40L-matured MDDC generated with IL-4 plus GM-CSF for cross-priming responses to hepatitis C virus or inactivated HIV-1 [145] . pDC stimulated by CpGA (which induces pDC production of IFN-α) or CpGB (which induces pDC maturation, but little IFN-α) were able to induce CD8 memory cells, whereas CpGB was more efficient than CpGA in inducing priming of naïve CD8+ cells [146] , thus suggesting both IFN-dependent andindependent pathways of CD8 T cell activation by pDC. Such activation of CD8+ cells is not always advantageous; for example, it has recently been demonstrated that pDC derived IFN-α can stimulate cytotoxic T cell activity in atherosclerotic plaque through the induction of TRAIL [141] . Likewise, pDC derived IFN-α has been implicated in killing of T cells in HIV-1 infection, also in a TRAIL-dependent manner [147] .
In addition to its positive roles in Th and CTL responses, DC-derived IFN-a can also contribute to the development of the CD4 + IL-10 + subset of Treg cells [148] . Moreover, continuous activation of pDC by HIV-1 and their production of IFN-α impedes early T-cell lymphopoiesis [149] .
Effects of DC-derived type I IFN on antibody responses
In addition to their effects on NK and T cell responses, type I IFN and dendritic cells can affect humoral immunity as well. Le Bon et al. [150] demonstrated that type I IFN potently enhanced the antibody response to soluble antigen, allowing for class-switching and development of immunological memory in a DC-dependent manner. Furthermore, type I IFN was found to be essential for the adjuvant activity of complete Freund's adjuvant in this study. pDC have also been reported to induce the secretion of influenza-specific and polyclonal antibodies in human culture; moreover, pDC triggered with virus induced B cells to differentiate into plasma cells, with pDC-derived IFN generating the non-Ig -secreting plasmablasts and pDC-derived IL-6 inducing their differentiation into Ig-secreting plasma cells [151, 152] .
Conclusions
After fifty years of study, type I IFNs have claimed a central position in host defense not only as important mediators of innate anti-viral immunity, but also as links between the innate and adaptive immune systems. These proteins have become true blockbusters in the pharmaceutical industry even without a full understanding of their mechanisms of action. With the acceleration of immunological research and the recognition of distinct roles for pDC and mDC in the immune response, there has been an explosion in our understanding of the interplay between IFN and these DC subsets. It can be anticipated that in the next fifty years, and certainly sooner, even more effective manipulation of the IFN system as it relates to DC wiill be possible and will contribute to improved therapeutics for cancer, infectious disease and autoimmunity. pDC utilize a variety of cell-surface receptors to endocytose viruses into endosomes where the viral nucleic acid is uncoated. There, the RNA or DNA interacts with TLR7 and -9, respectively, to induce type I IFN gene expression independent of viral replication and in a MyD88-dependent manner. pDC express high constitutive levels of the transcription factor, IRF-7 that is required for the induction of IFN-α. cDC also utilize a TLR-dependent pathway for the sensing of viral RNA -TLR3, which recognizes dsRNA within the endosomes. This IFN response, however, requires autocrine IFN feedback to upregulate IRF-7 expression to get the full range of IFN subtype expression. In addition to the TLR-dendent IFN induction, both types of DC have MyD88 independent mechanisms for recognition of cytoplasmic viruses following infection of the cells with virus, including the RIG-I system for recognition of cytoplasmic dsRNA and an as yet undefined cytoplasmic sensor for DNA. Type I IFN produced in response to virus by pDC (and in some cases cDC) leads to antiviral activity, recruitment and upregulation of NK activity, activation of monocytes as well as activation and maturation of cDC. Depending on the nature of the stimulus received, the mDC and pDC have the capacity to activate B cells for the production of antibody and activate Th1, Th2, Treg and CD8+ T cell activity and T memory, with IFN-α playing a central role in these activities.
